ABSTRACT: Stylolites are irregular discontinuity surfaces that are thought to result from localized stress-induced dissolution during burial or tectonic compression. The genesis of stylolites and the controls on stylolitization are still debated, and the interplay between stylolitization, generation of carbonate-rich fluids, diagenetic fluid flow within fractures and matrix, cementation, and porosity modifications is complex. All of these processes have important diagenetic effects potentially altering the intrinsic properties of the host rock, with implications for hydrocarbon exploration and water resources in aquifers. We investigate the process of stylolitization by a macroscopic, petrographic, and geochemical study of pressure-solution features in Eocene to early Oligocene limestones in cores from the Integrated Ocean Drilling Program (IODP) Hole 317-U1352C (Canterbury Basin). The results indicate correlations among stylolite amplitude, stylolite density, and siliciclastic content of the host rock. These relationships are interpreted to suggest that siliciclastic content in carbonate rocks increases heterogeneity, which in turn impacts stylolite nucleation. Moreover, the geochemical data support that clay along the stylolite is not authigenic, but a relict from impurities in the limestone host rock. The statistical approach of stylolite spacing used in this study, which is different than previous studies, reinforces the model of random occurrence of stylolites in (carbonate) lithologic units.
INTRODUCTION
Stylolites are irregular planes of discontinuity and are very common in carbonate rocks. They result from physicochemical processes induced by burial compaction or tectonic compression. Stylolites are one of the three pressure-solution features, along with solution seams and fitted fabrics (Buxton and Sibley 1981) . The classification of stylolites used in most studies is based on visual descriptions of the macroscopic features, i.e., geometry and the relation to the bedding plane (Park and Schot 1968) . More recently, stylolite roughness has been described using a more quantitative approach based on fractal concepts (Drummond and Sexton 1998; Karcz and Scholz 2003) .
Whereas researchers agree on what stylolites are, their genesis is still a debated topic. The majority of the scientific community agrees that stylolites are caused by localized stress-induced dissolution of material along a fluid-filled interface (e.g., Dunnington 1954 ), but stylolites have been proposed to form: (1) along pre-existing anisotropies (Bathurst 1987) , (2) as anticracks (Fletcher and Pollard 1981) , or (3) by stressinduced self organization (Merino 1992) . Factors that control stylolite morphology, geometry, and microstructures include compressive or tectonic stress, rock fabric, mineralogy and textural instabilities (e.g., Tada and Siever 1989; Sinha-Roy 2002) . Recent research on stylolite formation has focused on modeling stylolite morphology and roughness (Koehn et al. 2007; Ebner et al. 2009a Ebner et al. , 2009b Ebner et al. , 2010 .
Despite these efforts, a complete understanding of the controls on the initiation of stylolite formation remains elusive. For instance, whether clay minerals promote or inhibit stylolite formation, and how grain size and grain fabric or lithology (e.g., mudstone versus grainstone) impact on burial depth of stylolite initiation and stylolite morphology is still unclear. In addition, the interplay of stylolitization with fractures, porosity, cementation, and fluid flow is complex and poorly constrained. Nevertheless, stylolites are closely related to local mass transfer of dissolved material, compaction, and porosity reduction, which are important diagenetic processes affecting intrinsic properties of the host rocks (e.g., Tada and Siever 1989) . The mass transfer during stylolitization consists of diffusion between particles or advection through microcracks or tension gashes. As a result, subsequent cementation can be localized in pores, or in the cracks and fractures (Raynaud and Carrio-Schaffhauser 1992) . Stylolites are important in reservoirs because they cause highly directional, restricted zones of reduced porosity and permeability, and their impact on reservoirs is similar to that of tectonic gouge-filled fractures (Nelson 1981) . Thus, the stylolites commonly are barriers to cross-stylolite fluid flow, but they can also represent open stylolite-parallel fluid pathways that develop when fluids in the surrounding rocks are overpressured (Braithwaite 1989) .
This paper explores the origin and dynamics of stylolite formation from a diagenetic perspective, mainly based on petrography and geochemistry of limestone samples from the bottom , 70 m cores of the Integrated Ocean Drilling Program (IODP) Hole 317-U1352C in the Canterbury Basin (New Zealand). The Canterbury Basin was host to rapid sedimentation during the Cenozoic, and abundant stylolites occur in the Amuri Limestone section recovered during IODP 317 (Fulthorpe et al. 2011 ); this setting makes it an ideal location to examine pressure solution associated with fracturing and cementation processes. Specific goals of this paper are: i) to assess the impact of lithology on stylolite morphology, ii) to gain insight into diagenetic fluid mobility during and after pressure solution, and iii) to reconstruct the timing and burial depth of stylolitization. The results of this study, which uses a different statistical approach to stylolite spacing than previously published by looking at a large, representative dataset (. 800 stylolites) within a lithologic unit, reinforces the model of random distribution of stylolites in lithologic units. The relation between quartz content and stylolite amplitude has been quantified and can be estimated by a power curve. Moreover, the mass balance documented here between stylolitizationrelated dissolution and cementation of calcite shows the importance of microporosity as a sink for stylolite-induced cements.
GEOLOGICAL SETTING
The Canterbury Basin lies on the landward rim of the New Zealand Plateau, a rifted continental fragment that includes the Campbell Plateau, the Chatham Rise, and the Bounty Trough (Fig. 1) . The offshore Canterbury Basin lies close to a major plate boundary, i.e., the dextral strike-slip Alpine Fault (Fig. 1) , which has led to a displacement of 500 km since the earliest Miocene (about 23 Ma, Kamp 1987 ) and the convergent component of which caused the uplift of the Southern Alps between about 8 to 5 Ma (Tippett and Kamp 1993; Batt and Braun 2000) . Nevertheless, the basin has been relatively stable since Late Cretaceous rifting, with tectonic activity limited to subsidence in the central part of the basin (Browne and Field 1988) .
The stratigraphic record of the South Island of New Zealand is linked to the plate-tectonic evolution of the New Zealand Plateau with a firstorder (80 My), tectonically controlled transgressive-regressive cycle developed in the Canterbury Basin (Carter and Norris 1976; Field and Browne 1989) . Three stratigraphic groups, the Onekakara, Kekenodon, and Otakou groups (Carter and Carter 1982) were deposited during the regional transgressive, highstand, and regressive phases of the large-scale cycle, respectively ( Fig. 2 ; Lu et al. 2003) . The Onekakara Group sedimentary rocks consist mainly of alluvial sandstone, shallow marine siltstone, and mudstone. During the Oligocene highstand, reduced terrigenous influx resulted in the deposition of the basin-wide, pelagic to hemipelagic, bioclastic limestone of the Amuri Formation (Carter 1988) . The upper boundary of this formation is a current-induced unconformity, the Marshall Paraconformity (Carter and Landis 1972) , dated at about 32-29 Ma (Fulthorpe et al. 1996) . The unconformity is overlain by mid-late Oligocene cross-bedded glauconitic sand of the Concord Formation, which in turn is overlain by limestone of the Weka Pass Formation, both making up the Kekenodon Group (Carter 1988) . The Miocene to Recent regression was caused by increased sediment supply linked to Alpine Fault activity, resulting in a series of prograding clinoforms of the Otakou Group (Lu et al. 2003) .
This paper presents results of study of core samples from limestone of the upper part of the Amuri Formation, which underlies the Marshall Paraconformity. This sedimentary interval was recovered in the basal , 70 m cores of IODP Hole 317-U1352C (between 1924 to 1852 meters below sea floor, mbsf). The main focus is the stylolitization process in this white, coccolithophorid-foraminiferal biomicrite (Lewis 1992) .
METHODS
We recorded stylolites and stylolitic seams from the bottom cores of IODP Hole 317-U1352C (bottom of core 148R; 1924 mbsf) up to the Marshall Paraconformity (core section 140R-2; 1852 mbsf). We classified each stylolite based on its morphology (cf. Park and Schot 1968) , and recorded the depth (in mbsf) of occurrence, stylolite orientation, amplitude, thickness, and orientation of stylolite peaks. Spacing between stylolites reported in this paper is always measured on a continuous piece of the core (and thus uninterrupted by core breaks). Spacing between stylolites on separate pieces is not reported, because the missing section of core cannot be estimated. As a result, the number of stylolites recorded in each lithologic unit is larger than the number of measurements of stylolite spacing.
Transmitted polarization microscopy and cathodoluminescence microscopy on 12 thin-sections (preferentially sampled from areas in the core where stylolites or stylolitic seams occur) utilized a Zeiss Axioskop 40 microscope for transmitted light and a CITL Cathodoluminescence Mk5-2 stage mounted on a Nikon Eclipse 50i microscope with an attached Nikon DS-Fi1c digital camera for cathodoluminescence (CL). Operating conditions for the CL stage were about 270 mA and 14 kV. We coated small stubs of samples containing stylolite to host-rock contacts with Au-Pd and studied them under a LEO 1455 VP scanning electron microscope (SEM) at the Natural History Museum (London). The SEM operated at EHT of 20 kV. We captured quantitative estimates of sedimentologic (lithology and grain composition of the host rock) and diagenetic features (stylolites, fractures, and cements) by point counting thin-sections (300 to 400 counts and step size of 0.3 mm). Image analysis used thin-section scans (using a Canon CS9000F scanner) and the software Image J64, after using Photoshop to extract the color channels in which the features of interest (i.e., cements) are most apparent.
Aliquots of about 0.3 gram of 12 host-rock samples, acquired using a dental drill, were used for X-ray diffraction. We sampled host rock avoiding stylolites or stylolitic seams. We carried out X-ray analyses at the Natural History Museum (London) on a Philips PW 1830 diffractometer system using CuKá radiation and fitted with a PW 1820 goniometer and a graphite monochromator. We ran two series of analyses on the samples, one on the bulk rock and another on the separated clay fraction by dissolving carbonate and analyzing the residual in four ways, i.e., air-dried clay mounted on a ceramic tile, clay with addition of ethylene glycol (to show any expanding clays), clay heated to 400uC for two hours (for collapse of mixed layers to the illite position) and clay heated to 550uC for two hours (for the loss of crystallinity of the kaolinite and chlorite peaks). Operating conditions for the first series were 45 kV and 40 mA, scanning range between 2.5u and 70u 2h, step of 0.02u 2h, and acquisition time of 2 seconds per step, while for the second series a scanning range between 2.5 and 40u (for air dried clay) or 2.5u and 26u 2h (for heated and glycolized clay), step of 0.015u 2h, and acquisition time of 1 second per step. Quantitative estimates of the minerals present in the bulk analysis are based on the equations derived from Cuff (1969) for mixtures of calcite with other minerals (quartz in this study), whereas the quantification of clay is based on John et al. (2006) .
We measured geochemical compositions on 12 thin-sections using a Cameca SX-100 electron microprobe at the Université de Montpellier II (France). We used two different methods, one optimized for carbonate and one for silicates. Fulthorpe et al. 2011) . Inset presents the outcrop-scale stratigraphy across the Marshall Paraconformity (modified from Fulthorpe et al. 1996) and thus zooming in on the Amuri Limestone (underlying the paraconformity), which is the focus of this study. 120 ppm for K. Microprobe analysis corrections were based on Merlet (1994) .
We carried out stable carbon and oxygen isotope analyses on carbonate powders (sampled with a dental drill) in the Qatar Stable Isotope Lab at Imperial College London following the method described in Vandeginste and John (2012) . Precision is better than 0.01% (1s) for d 13 C and 0.04% (1s) for d
18
O during the course of this study.
RESULTS

Lithology and Diagenetic Features
The cores consist of a dark gray muddy limestone (DGL) in the basal cores in the borehole (1924-1911 mbsf) that grades into a light gray limestone (LGL; 1911 -1875 and finally into a pure white limestone (WL) in the interval 1875-1852 mbsf, immediately below the Marshall Paraconformity (Fig. 3) . X-ray diffraction reveals that all host-rock samples are dominated by calcite with only a low percentage of quartz. Traces of clays consist mainly of smectite (up to 89% of the total clay content; Table 1 ). The relative abundance of calcite and quartz varies among samples, with the highest calcite amount in the WL; the highest amount of smectite versus illite is in the DGL (Table 1) .
The DGL is a planktic foraminiferal (50 to 200 mm in diameter) wackestone that contains several seams or thicker (several-millimeter scale) zones that commonly are bedding-parallel and in thin-section appear darker than the matrix (Fig. 4A ). Under CL, the bedding-parallel seams generally have a slightly lighter brownish color than the matrix (Fig. 4B ). The color of the micrite under the polarizing microscope varies from black to dark brownish, with a heterogeneous color pattern in thinsection. The LGL and WL also consist of planktic foraminifer wackestone ( Fig. 4C ) with a dull brownish luminescence under CL (Fig. 4D ). Planktic foraminifera in the LGL (200 to 300 mm in diameter) are slightly larger than those in the WL (100 to 150 mm in diameter). Many foraminifer chambers are filled with micrite, and rarely are cemented by calcite. Rare benthic foraminifers (300 to 400 mm in diameter) occur in the WL. Coccoliths between the micrite grains can be identified on SEM images (Fig. 5A ). Point counting shows no marked difference in the abundance of foraminifers (generally about 15 to 20%) among the DGL, the LGL, and the WL ( Table 2 ). Samples that contain more than one stylolite have a greater abundance of clay along stylolite planes. Calcite cementation in the foraminifer chambers is greater in the LGL than in the DGL and the WL. The latter observation is also true for the quantitative analysis of thin-section scan images (4500 3 4500 pixels, 6400 pixels/inch; Table 3 ).
Stylolites in the LGL and the WL generally are filled with brownish clay (Fig. 4C) , and in some instances they are lined with pyrite. No characteristic features of clay types (such as kaolinite booklets or filamentous or fibrous illite) were evident using the SEM, because clay along the stylolites occurs as smooth surfaces (Fig. 5A ), but XRD identified the clay as mainly smectite. There are no variations in the host-rock characteristics, such as porosity, as a function of the distance from the stylolite, but a thin opening commonly is present between the stylolite surface and the host rock (Fig. 5B ). Most stylolites are parallel to bedding, with peaks perpendicular to bedding. A few veins perpendicular to bedding are connected to the stylolite, and are filled with inclusion-free calcite cement. The veins have a width of generally less than 50 mm (but reach 250 mm in one sample) and are overall short (less than 2 mm in length).
Stylolite Morphology and Spacing
The distribution of stylolites with different amplitudes is dependent on depth and host-rock lithology (Table 4) : the stylolite amplitude (peak to trough) increase from the DGL (mean of 1.5 mm) to the LGL (mean of 3 mm) to the WL (mean of 10 mm; Fig. 6A , B, D). Spacing between successive stylolites in the LGL (Fig. 6C ) reveals an exponential distribution (with the distribution parameter l 5 0.08, confirmed by chi-squared test at 95% confidence level). We also simulated random occurrence of stylolites by generating the same number of stylolites (807) in the total sum of the stylolite spacings (9658 mm). This was done by FIG. 3.-Log of study interval of the late Eocene to early Oligocene Amuri limestone with indication of core numbers and recovery. Cores from 141R-2, 145R-1, and 148R-4, respectively. Scale on core images is depth in respective core segment in centimeters. Recovered core is indicated in black. The core images show the change in color related to higher clay content from white limestone (WL) to light gray limestone (LGL) and dark gray limestone (DGL) lithologic units, as well as the larger-amplitude stylolites in WL compared to those in LGL and DGL. taking 807 randomly generated numbers between 0 and 9658 by using the randbetween function in Microsoft Excel, then sorting these numbers and calculating the spacing. A chi-squared test (at the 98% confidence level) comparing the stylolite spacing in LGL with the stylolite spacing by random stylolite generation shows that both curves have the same exponential distribution. An exponential distribution also fits the stylolite spacing in the DGL (Fig. 6E) better than a normal, lognormal, or Poisson distribution, but a chi-test at 95% confidence level rejects the null hypothesis of an exponential distribution fit. Since only one of the small core fragments (Table 4 ; Fig. 7 ) in the WL contains two stylolites allowing the measurement of spacing, no statistics can be calculated on the stylolite spacing in this lithology. Stylolite thickness is generally less than 1 mm and rarely exceeds 1 or 2 mm. The 2 mm thick stylolites occur predominantly in the WL. The stylolite density in recovered core is much larger in the DGL and LGL than in the WL (Table 4) . Most stylolites are horizontal with bedding-perpendicular peaks (Fig. 3) . Nonetheless, some stylolites are slightly oblique whilst retaining beddingperpendicular peaks; rarely, stylolites are strongly oblique and have peaks perpendicular to the stylolite planes (Fig. 8A ). Oblique stylolites with peaks perpendicular to bedding crosscut bedding-parallel stylolites (Fig. 8B ) and most oblique stylolites with peaks perpendicular to the stylolite plane terminate on bedding-parallel stylolites or crosscut beddingparallel stylolites. In some cases, the orientation of the stylolite follows the rim of sedimentary features in the host rock, such as burrows (Fig. 8C) .
Almost all stylolite morphology types described in Park and Schot (1968) occur throughout the succession and in each lithology (Fig. 9) . However, the relative abundance of each stylolite type differs between lithologies. In general, the relative abundance of seismogram and wavetype stylolites decreases uphole, i.e., from the DGL to the WL, in contrast to the sharp-peak, sutured, and rectangular up-peak type stylolites, which increase in abundance uphole (Fig. 9 ). The rectangular down-peak stylolite type seems to occur dominantly in the LGL.
Geochemical Signature of Micrite and Diagenetic Components
Microprobe analyses on thin-sections reveal that the chemical composition of the micrite changes with depth. For example, Mg, Fe, Al, and K concentrations generally decrease from the DGL to the WL, whereas the Sr and Ca content increases (Fig. 10) . In general, the micrite has a lower Ca concentration than that measured in the calcite cement in FIG. 4 .-Transmitted-polarized-light and cathodoluminescence microphotograph of A, B) DGL sample with darker stylolitic seams and C, D) WL sample with stylolite. Both samples are planktic foraminiferal wackestones, but they have a different color (brownish for DGL samples and dark gray for WL sample) due to the higher clay content in DGL. The CL images show the dark luminescence of foraminifer shells compared to the orange-red luminescence of the mud. Also the stylolite is clearly visible (nonluminescent) in the WL sample.
both foraminifer chambers and in veins connected to stylolites (Fig. 11) . The Fe concentration in the micrite overlaps with that measured in the calcite cement in the foraminifers and the veins (generally up to about 600 ppm), but some of the measurements in the micrite are much higher (mainly up to about 2100 ppm). Concentrations of Na, Al, and K are commonly below the detection limit (about 130, 90, and 50 ppm, respectively) in the calcite cement in foraminifer chambers and veins, in contrast to the higher (detectable) values in the micrite. Concentrations of Ca, Fe, Mg, and Sr detected in the calcite cement do not show a pronounced variation with depth.
The clay along the stylolites has an average of about 23 wt% Si, 7 wt% Al, 6 wt% Ca, 2 wt% K, 1.4 wt% Fe, 1.3 wt% Mg, and 0.2 wt% Na (based on 16 analyses). Sr is below the detection limit (about 400 ppm) in the clay. No trend in clay-mineral elemental composition with depth is evident.
Geochemical Variation along Cross-Stylolite Transects
In addition to the general geochemical analyses reported above, targeted analyses along two short high-resolution transects and several longer lower-resolution transects through stylolites and adjacent limestone reveal an abrupt increase in Mg, Fe, K, and especially Al and Si is evident in the stylolites, and a strong decrease in Ca compared to the surrounding limestone (Fig. 12) . The variation in elemental concentration in longer, lower resolution transects in thin-section from the limestone adjacent to stylolites lack clear trends (Fig. 13) .
Stable isotopes in small samples along three vertical transects across stylolites at different depths in the core reveal that variation in the stableisotope signature in each transect is small, i.e., about 0.3% for d (Fig. 14) .
DISCUSSION
Control on Stylolite Amplitude and Density
Stylolite amplitude is generally larger in grainstone and packstone than in mudstone and wackestone (e.g., Andrews and Railsback 1997; Railsback 1993) , and generally larger in limestone than in dolostone, as documented in Paleozoic carbonates from the mid-Eastern United States (Railsback 1993) and in the Khuff Formation carbonate from offshore Abu Dhabi (Peacock and Azzam 2006) . Still, the homogeneous wackestone texture throughout the DGL, LGL, and WL cannot explain the variation in stylolite morphology observed in this study (Fig. 6A, B, D) . The offset in overburden pressure (linked to a difference in burial depth of up to 72 m between the bottom and top sample) is minimal and also unlikely to impact the stylolite amplitude: the deeper samples (in the LGL and the DGL) have smaller amplitudes than the shallower samples (in the WL), the reverse of what would be expected if overburden pressure alone was a control.
Although porosity in the original limestone can play a key role in stylolite initiation as more pore space induces larger stylolite amplitudes, as derived from stylolites in the southern Appalachian carbonates (Andrews and Railsback 1997), we found no evidence of original porosity differences between the DGL, LGL, and WL wackestones. Current porosity seems almost nil in thin-sections (Fig. 4) , but the porosity measurements of generally 5 to 15% on core plugs (Table 5 ; Fulthorpe et al. 2011) suggest the presence of microporosity within the micrite. Microporosity in chalk is common and has a value of about 40% in mechanically compacted chalk at 1 km burial depth based on Cretaceous North Sea examples (Fabricius et al. 2008; Scholle 1977) . No differences in initial microporosity between the DGL, LGL, and WL units are expected. The few larger porosity values in the WL (Table 5 ) may correspond to porosity along stylolites, or (less likely) along thin fractures, possibly an artifact of drilling and recovering the cores. These larger values probably reflect the result of later processes rather than larger initial porosity.
In this case, the main control on stylolite amplitude is possibly the abundance of clays. The role of sheet silicates in the pressure-solution process is not well understood. Clays can play an important catalytic role (Andrews and Railsback 1997) since they inhibit the precipitation of calcite, but do not retard its dissolution (Baker et al. 1980) . Hence, stylolites tend to start at clay-calcite contacts, derived from observations in Cretaceous chalk from the North Sea and the Ontong Java Plateau (Fabricius and Borre 2007) . Although the amount of clay could not be quantified (but the presence of mainly smectite and some illite was identified), the higher quartz content determined by XRD (Table 1) , and the decrease in Ca and increase in Al, Fe, and Mg concentration detected by microprobe (Fig. 10 ) indicate higher siliciclastic content in the deeper, more muddy lithology (DGL). The higher siliciclastic content correlates with smaller stylolite amplitude (Fig. 15 ) by a power curve (R 2 5 0.59). In addition, seismogram and wave-type stylolites are more abundant than sharp-peak, rectangular, and sutured type stylolites in the muddy limestone (DGL; Fig. 9 ), consistent with a smoother stylolite morphology in carbonates with higher clay content (e.g., Barrett 1964) .
Also, the density of stylolites can be impacted by lithology, with a higher abundance of stylolites in clay-rich limestone (Oldershaw and Scoffin 1967) , whereas no difference in stylolite density was reported between limestone and dolostone despite the difference in amplitude, as documented in Khuff carbonates from offshore Abu Dhabi (Peacock and Azzam 2006) . These previous results are consistent with those in the Canterbury Basin, where larger stylolite density and smaller stylolite amplitude are observed in the clay-rich DGL and LGL compared to the more carbonate-rich WL (Fig. 15) . Since stylolites can form barriers to fluid flow, the continuity of carbonate reservoirs is affected by the distribution of stylolites, which thus needs to be known for effective reservoir management, as documented for Middle Eastern Lower Cretaceous reservoirs (Koepnick 1985) .
The stylolite spacing at Site U1352 is not consistent with the model of self-organization of stylolites (Merino 1992) , which is based on a roughly regular spacing of stylolites. On the contrary, the distribution of stylolites derived from the large dataset (. 800 data) of spacing in the LGL is consistent with the interpretation of random arrangement of stylolites within intervals of similar lithology (Railsback 1998; Koehn et al. 2007 ). Our different approach, i.e., statistical analysis of a large dataset within a lithologic unit compared to the analysis of the coefficient of variation of spacing from several small datasets (Railsback 1998 ), reinforces the model of random arrangement of stylolites. The slight deviation for the stylolite spacing in the DGL is interpreted as a result of the occurrence of small lithological changes impacting on stylolite spacing in this large interval. Similarly, Lind (1993) suggested the impact of mineralogical anomalies and horizontal structures such as Zoophycos burrows on stylolite formation, based on observations in cores from the Ontong Java Plateau Cretaceous carbonates.
In the last decade, the stylolite structure was quantified by modeling stylolite shapes based on their fractal characteristics (Drummond and Sexton 1998) . Modeling (of data sets of stylolites in Italy, southern France, and Germany) showed that stylolite roughness is not a function of (homogeneous or heterogeneous) grain size (Karcz and Scholz 2003; Ebner et al. 2010) , and that heterogeneities, such as clay particles, play a crucial role in the formation of the distinctive roughness of stylolites because their resistance to dissolution differs (Brouste et al. 2007; Ebner et al. 2009a; Ebner et al. 2010; Renard et al. 2004; Schmittbuhl et al. 2004) .
Although the exact nature of the heterogeneities (such as different minerals and pore spaces) plays only a minor role (Ebner et al. 2009a) , their abundance impacts on stylolite amplitude (Ebner et al. 2009a ). This concept is consistent with our observation of smaller stylolite amplitude with higher siliciclastic content. The amplitude of stylolites is limited, compatible with the suggestion of Koehn et al. (2007) that the growth of TABLE 3.-Overview of estimated limestone dissolution (based on stylolite amplitude, expressed as a percentage of pre-stylolitization limestone package) and calcite cement in veins and foraminifer chambers. The data are based on analysis of images (4500 3 4500 pixels) of three thin-sections for lithologic unit WL, seven for LGL, and two for DGL. Note that the estimated limestone dissolution is greater than the cement in veins and foraminifer chambers in each thin-section, suggesting net export. the stylolite amplitude follows a power-law in time up to a critical threshold when the stylolite ceases to grow.
Timing and Burial Depth during Stylolitization
All bedding-parallel stylolites and oblique stylolites with beddingperpendicular peaks formed during burial as a result of overburden stress. This result is similar to the interpretation of the main shortening direction based on the direction of the stylolite peaks in the study on Matelles limestone in Languedoc, France (Petit and Mattauer 1995) . The orientation of these oblique stylolites was controlled by the distribution of structures in the host rock, such as bioturbation (burrows) or thin fractures (similar to observations from Lind 1993 in the Ontong Java Plateau). The influence of pre-existing microfractures or by competent components, such as pyrite crystals, on stylolite geometry was suggested by modeling results (Brouste et al. 2007 ).
The burial curve for the limestone of the Amuri Formation in the Canterbury Basin (Fig. 16) shows that the subsidence rates for the limestones were slow from the Oligocene to the mid-Miocene. Rates increased from the mid-Miocene onward, with the fastest rate occurring around the late Pliocene to early Pleistocene. A common depth for the initiation of stylolitization is 400 to 600 m (e.g., Nicolaides and Wallace 1997) . Hence, bedding-parallel stylolitization probably started during mid to late Miocene, when such depths were reached for the limestone of the Amuri Formation at Site U1352. However, Nicol (1992) suggested the bedding-parallel stylolites in the onshore limestone of the Amuri FIG. 6.-Histograms of A) stylolite amplitude (peak to trough) in the WL unit, B) stylolite amplitude in the LGL unit, C) stylolite spacing in the LGL unit, D) stylolite amplitude in the DGL unit, and E) stylolite spacing in the DGL unit. The histograms show a decreasing distribution of large stylolite amplitudes from the WL unit (A) to the LGL unit (B) and then to the DGL unit (D). The stylolite spacing has an exponential distribution in the LGL unit (C). An exponential curve is also the best fit for stylolite spacing in the DGL unit (E).
Formation in North Canterbury (north of Christchurch) developed later, during Pliocene time. The discrepancy between the suggested ages can be explained by the different burial history, i.e., larger overburden package on the limestone from the Amuri Formation at Site U1352 than that onshore.
The occurrence of the oblique stylolite peaks indicates either the presence of a main principal stress that was not vertical, or that there has been rotation or folding of initially bedding-parallel stylolites. The observed crosscutting relationship, i.e., bedding-parallel stylolites (with perpendicular peaks) being crosscut by oblique stylolites (with perpendicular peaks) suggests that, in the first case, a nonvertical principal stress occurred later than the vertical principal stress, and in the second case, that no burial stylolites developed after rotation or folding. The orientation of the stylolites is important in reservoir characterization because the permeability is more reduced perpendicular to the stylolites than parallel with it (Nelson 1981) . The limestone of the Amuri Formation contains bedding-normal stylolites onshore in North Canterbury (north of Christchurch), and these stylolites were attributed to Late Pliocene to early Pleistocene regional northwestsoutheast shortening (Nicol 1992) . The age of the oblique stylolites at Site U1352 could be similar to those onshore, i.e., late Pliocene to early Pleistocene (Nicol 1992) . But, the different orientation, i.e., perpendicular to bedding for the onshore limestone and oblique to bedding at Site U1352, may indicate that the oblique stylolites offshore were generated by a more local stress. The non-Andersonian stress state and the small number of oblique stylolites at Site U1352 compared to that onshore favors this hypothesis over a regional stress field. Moreover, the offshore Canterbury Basin has been an area of relative tectonic stability since Late Cretaceous rifting (Lu et al. 2003) , thus arguing against significant tectonic stress that would lead to abundant stylolites normal or oblique to bedding. This observation implies that oblique stylolites could also be found in other tectonically passive areas due to local stress states rather than regional stress fields.
Reconstructing the timing of stylolite formation and understanding the diagenetic and burial history of the host rock is important to estimate the impact of stylolitization on reservoir properties. As Koepnick (1985) showed in Middle Eastern Lower Cretaceous carbonates, only stylolites that formed before oil emplacement are significant barriers to fluid flow via carbonate cementation associated with the stylolitization process because later oil coating inhibited further calcite cementation.
Fluids Generated during Pressure Solution and Fluid Flow
During stylolitization, grains in limestone dissolve at grain-to-grain contacts, and ions migrate by diffusion from zones of dissolution to zones of lower pressure, where they precipitate from the solution as intergranular cement (Drummond and Sexton 1998) . Therefore, stylolitization can greatly impact on the porosity and permeability of the host rock. Previous studies report a higher-porosity zone in the range of a few micrometers from the stylolite (Carrio-Schaffhauser et al. 1990 ), but then a low-porosity zone farther from the stylolite, up to several centimeters in width, derived from sandstone examples in the North Sea and East Greenland (Harris 2006; Baron and Parnell 2007; Harris 2006) . FIG. 7 .-Histogram of length of core fragments in the various lithologic units. This histogram shows that all core fragments in the WL unit are , 10 cm long and the occurrence of two stylolites within one core fragment was rare in the WL unit. As a result, a representative analysis of spacing between stylolites was not possible for the WL unit. The LGL and DGL units are the most appropriate for a statistical evaluation of stylolite spacing because stylolite spacing is smaller and core pieces are larger. A) Bedding-parallel stylolite (white arrow) with thick (1-1.5 mm) clay seam and thin (0.2 mm) oblique stylolite (black arrow) with perpendicular peaks (core 145R-1). B) Bedding-parallel stylolites are crosscut by oblique stylolite with higher amplitude (core 147R-1). C) Beddingparallel stylolite and a smaller-amplitude stylolite that traces the rim of the burrow (black arrow; core 147R-1).
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There is no evidence in the Canterbury Basin dataset for a variation in host-rock porosity close to the stylolites, which suggests that potential pressure-solution-related cements are homogeneously distributed within 1 cm distance from the stylolite. A thin porous zone is present at the contact between the stylolite and the host rock, but this contact may have been disturbed during drilling or sample preparation. Similarly, the stylolite-to-host-rock contact may have been affected by later diagenetic processes and, thus, may not reflect the stylolitization process itself. Thin veins perpendicular to, and connected with, stylolites contain calcite cement that most likely formed from precipitation by pressure-solution fluid. The amount of this calcite cement is, however, less than 0.2% of the total rock volume, whereas the estimated volume of limestone dissolved (based on stylolite amplitude ; Bathurst 1975 ) is in the order of 7% to 12% (Table 3) . Calcite cement present in the foraminifer chambers can also originate from stylolitization-generated fluid, but it amounts to less than 1.4% (Table 3) . Even accounting for higher porosity of the limestone at time of stylolitization (e.g., maximum of 40% porosity) results in 4.7% of dissolved limestone, which is still greater than the amount of cement precipitated.
This excess of dissolved calcite compared to precipitated calcite suggests that part of the fluids generated during stylolitization were driven out of the sedimentary system. A similar scenario was presented for chalk from the Marchar Field in the North Sea, where about half of the dissolved calcite generated during pressure solution was reprecipitated as cement, and the other half left the sedimentary system (Safaricz and Davison 2005) . Another hypothesis is that the pressure-solution fluids caused cement precipitation in the microporosity. This hypothesis is based on the porosity within the Amuri Limestone (5-15%), which is lower than that expected (about 40%) for Cretaceous chalk not having undergone pronounced cementation in the North Sea (cf. Fabricius 2003; Fabricius and Borre 2007) . Similarly, a decrease of about 30% microporosity (from about 35% in the initial micritic sediment) is attributed to pressure-solution processes in clay-rich micritic shallow carbonate lithologies (petrophysical class D) in contrast to a decrease of about 15 or 20% in ''micritic carbonates'' of classes C and F respectively, linked to early diagenetic processes documented in Middle Eastern carbonates (Deville de Periere et al. 2011) . Also, Moshier (1989) showed that zones of intense stylolitization are often linked to decreased microporosity in Lower Cretaceous micritic limestones in the Middle East. Microporosity seems preserved in chalk during burial diagenesis only under conditions of overpressure or displacement of pore water by hydrocarbons, as suggested by Maliva et al. (2009) based on a study of Eocene microporous limestone from south Florida.
Fluid flow during stylolitization is difficult to trace in geochemical data because the fluid composition will be very similar to the surrounding host rock being dissolved. Nevertheless, geochemical data provide some geological insight. The similar enrichment in elements (especially Al, Fe, K, and Mg) in the DGL micrite as in the clays along the stylolites (Figs. 10, 12 ) confirms that the clays are the insoluble residue resulting from stylolitization. This observation is consistent with results of Andrews and Railsback (1997) and Karcz and Scholz (2003) , who argue against authigenesis of clays in stylolites. Still, the clay morphology (Fig. 5) suggests recrystallization (Andrews and Railsback 1997) . During stylolitization, a type of ''purification'' process took place-clays originally present in the micrite are left behind on the stylolite plane, whereas the fluid (from dissolved limestone) forms ''purified'' calcite cement, which contains some Mg and Sr, but very little Fe and practically no Al, K, and Na (i.e., below microprobe detection limit; Fig. 11 ).
The presence of stylolites can influence later diagenetic fluid flow or hydrocarbon migration. On the one hand, clays concentrated along the stylolite, as well as the generally low-porosity zone in the centimeter-scale wide host-rock zone adjacent to the stylolite, tend to act as a barrier to cross-stylolite flow. On the other hand, stylolites can become important conduits for stylolite-parallel flow, depending on diagenetic and tectonic conditions. For example, horizontal tectonic stresses can cause opening of bedding-parallel stylolites, and these stylolites can subsequently be cemented by calcite or dolomite, as documented in Upper Jurassic limestone in eastern Spain (Marfil et al. 2005) . In other cases, the stylolites are migration pathways for hydrocarbons, as documented for the Lower Triassic Virgin Member of the Moenkopi Formation in southern Nevada (Bissell 1972) . Migration of fluids is also possible along active faults that represent reactivated pressure-solution structures, for example in the Matelles outcrop in the Languedoc region of France (Watkinson and Geraghty Ward 2006) . In this study, neither the microprobe data nor the stable-isotope data along transects crosscutting the stylolites and host rock show evidence for alteration of the host-rock signature due to stylolite-controlled fluid flow (Figs. 13, 14) . A similar result, i.e., lack of local enrichment or depletion in heavy isotopes of carbon or oxygen, was found by Lind (1993) on chalk from the Ontong Java Plateau. However, these results do not exclude the possibility of host-rock-buffered fluid flow along the stylolites.
CONCLUSIONS
This study gives three major insights into the stylolitization process. First, the siliciclastic content in the host rock is the main controlling factor on stylolite morphology and density in limestones with homogeneous texture. Higher siliciclastic content in the host rock causes a higher stylolite density (or lower stylolite spacing) but lower stylolite amplitude (following a power curve). This relation has implications for reservoir rocks: on the one hand, a higher stylolite FIG. 13 .-Variation in element concentrations along three low-resolution transects (perpendicular to the bedding) in the same thin-section of a sample containing stylolites (sample at depth of 1890 mbsf). Note the logarithmic scale for element concentration. The peaks correspond to stylolites. These transects show that the composition in the lime mud is homogeneous and that there are no element-concentration trends as a function of distance from the stylolites.
FIG. 14.-Variation in stable carbon and oxygen isotope composition along a transect perpendicular to a bedding-parallel stylolite. Distance is in millimeters from the stylolite, with positive values stratigraphically upwards and negative values representing distance below the stylolite. The transects are labeled by the depth of the sample in the core (in mbsf). The transects show no consistent trend in stable oxygen or carbon isotope compositions relative to the distance from the stylolite. This indicates that there was either no fluid flow along the stylolite or that this potential flow did not impact on the stable-isotope composition of the adjacent host rock. density implies a larger abundance of potential barriers or baffles to cross-stylolite flow; on the other hand, the smoother stylolite morphology may result in faster fluid flow along the stylolite plane when the latter is opened by tectonic stress or fluid overpressure in the reservoir. Second, the different statistical approach to evaluate stylolite spacing (than previous studies) does not support the stress-induced selforganization model (Merino 1992) , but reinforces random arrangement of stylolites as previously suggested by Railsback (1998) . The spacing of stylolites impacts on both fluid flow rates and patterns, and diagenetic heterogeneities in reservoirs, since higher stylolite densities create zones of lower permeability. Third, the minimum estimate of host-rock dissolution generated by stylolitization during less than 2 km burial compaction in pelagic limestones is 7 to 12 vol% of the original limestone. The amount of dissolved limestone is larger than the observed amount of cement, suggesting that the microporosity (most likely 40% when stylolitization started) was partly cemented by precipitation from fluids generated during pressure solution. These results highlight the importance of microporosity (which is difficult to quantify in thinsection) as a sink for cementation.
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